This paper presents an extension of our previous work on decomposition - 
Introduction
Complex structural products such as automotive bodies are made of hundreds of components joined together. While a monolithic design is ideal from a structural viewpoint, it is virtually impossible to economically manufacture complex structures as one piece, requiring them to be assemblies of smaller sized components with simpler geometry. Therefore, during the conceptual design stage designers need to decide a set of components by decomposing the overall product geometry of the whole structure. In industry, a handful of basic decomposition schemes considering geometry, functionality, and manufacturing issues are used. However, these decomposition schemes are usually nonsystematic and depend mainly on the designers' experience, which may cause the following problems during design and the production phases:
͑i͒ Problems of the insufficient assembled structure stiffness: Components and joining methods specified by designers may not meet the desired stiffness of the assembled structure. ͑ii͒ Problems of manufacturability and assembleability: Components decided by designers can not be produced or assembled in an economical way.
Since these problems are directly related to the component and/or joint configurations and therefore usually found in the production phase, solving them requires costly and time-consuming iteration procedures. Hence introducing a more systematic method of finding components set considering overall structural characteristics, manufacturability and assembleability will have a significant impact on industry.
Assembly synthesis ͓1,2͔ refers to such a systematic method where entire product geometry is decomposed into components and joints. Since joints are often structurally inferior to components, it is important that the decomposition and joint allocation are done in an optimal fashion, such that the reduction in structural performances ͑e.g., stiffness͒ is maximized while achieving economical manufacturing and assembly. As an extension of our previous work on decomposition-based assembly synthesis for structural stiffness ͓3͔, the present method optimally decomposes the three-dimensional ͑3D͒ finite element model of a vehicle body-in-white ͑BIW͒ into a set of components considering the stiffness of the assembled structure under given loading conditions, as well as the manufacturability and assembleability of components. The stiffness of the assembled structure is evaluated by finite element methods ͑FEM͒ analyses, where joints are modeled as linear torsional springs. Manufacturability of a component is evaluated as an estimated manufacturing cost based on the size and geometric complexity of components. Assuming assembly efforts are proportional to the total number of weld spots, assembleability is simply accounted for as the total rate of torsional springs. In order to allow close examination of the trade-off among stiffness, manufacturability, and assembleability, the optimization problem is solved by a multiobjective genetic algorithm ͓4,5͔, which can efficiently generate a well-spread Pareto ͓6,7͔ front over multiple objectives. A graph-based crossover scheme is adopted for the improved convergence of the algorithm.
facturing by modifying geometry of given ͑i.e., already decomposed͒ components. On the other hand, the decomposedbased assembly synthesis method presented in this paper starts with no prescribed components and generates the optimized components set considering assembleability, manufacturability, and structural characteristic of the assembled structure.
Automotive Body Structure Modeling.
In automotive body design, high stiffness is one of the most important design factors since it is directly related with the improved ride and NVH ͑noise, vibration, and harshness͒ qualities and crash worthiness ͓11͔. Therefore evaluating the structural characteristics of a vehicle, including stiffness, became a crucial factor in designing a vehicle. Before mathematical modeling techniques were not available, structural analysis was usually carried out only for the stresses in specific hardware items, such as door hinges, drive train and suspension components. Overall structural behavior could not be predicted until a vehicle prototype was built and tested. Therefore, any changes recommended from the test results were bound to be costly to implement ͓12͔. Prior to the use of finite element methods in the automotive body analysis in the middle of the 1960s, preliminary structural analysis was performed by simple structural surface method ͑SSS method͒ ͓13,14͔, where the actual vehicle geometry was replaced with an equivalent boxlike structure composed of shear panels and reinforcing beams. With SSS methods, designers can identify the type of loading condition that is applied to each of the main structural members of a vehicle and also the nominal magnitudes of the loads to be determined based on the static conditions with load path in the structure. However, this method can be used only to the simplified conceptual design and it cannot be used to solve for loads on redundant structures with more than one load path ͓14͔.
The availability of high-powered computers, user-oriented FEM codes and economical solution methods enabled full-scale finite element vehicle models in the early 1970s. To predict the stiffness of a body structure with the finite element model more accurately, Chang ͓15͔ modeled joints as torsional springs, and demonstrated that the model can accurately predict the global deformation of automotive body substructures. Garro and Vullo ͓16͔ analyzed the dynamic behavior of typical body joints under two typical actual loading conditions. They addressed that the plates along spot welds tend to detach from each other when joint deformations occur. Lee and Nikolaidis ͓17͔ proposed a two-dimensional ͑2D͒ joint model to consider joint flexibility, offset of rotation centers, and coupling effects between the movements of joint branches. Recently, correlation between torsional spring properties of joints and the length of the structural member was studied to assess the accuracy of the joint model ͓18͔. Long ͓19͔ studied the method of correlating the performance targets for a design of individual joints in the automotive to design variables that specify the geometry of the joint design. Kim et al. ͓20͔ employed an 8-DOF beam theory for modeling joints to consider the warping and distortion in vibration analysis.
These works, however, mainly focus on the accurate prediction of the structural behavior of a given ͑i.e., already ''decomposed''͒ assembly and individual joint design. They do not concern the selection of optimal joint locations and properties, which is addressed in the present method.
Multiobjective Optimization
Algorithm. Engineering problems generally involve multiple objectives. Among the techniques to solve multiobjective optimization problems, evolutionary algorithms that simulate the natural evolution process have shown to be effective in many engineering problems ͓21͔. The major advantages of evolutionary algorithms in solving multiobjective optimization problems are ͑1͒ they can obtain Pareto optimal solutions in a single run, and ͑2͒ they do not require derivatives of objective functions. Many evolutionary multiobjective optimization algorithms ͑MOGA ͓22͔, NSGA ͓23͔, NSGA-II ͓24͔, and NPGA ͓25͔͒ were developed based on the two ideas suggested by Goldberg ͓26͔: Pareto dominance and niching. Pareto dominance is used to exploit the search space in the direction of the Pareto front. Niching technique explores the search space along the front to keep diversity. Another important operator that has been shown to improve the performance of multiobjective algorithm is elitism, which maintains the knowledge of the previous generations by conserving the individuals with best fitness in the population or in an auxiliary population ͑SPEA ͓27͔ and PAES ͓28͔͒.
Considering a proven efficiency and simplicity of NSGA-II, the present work utilizes an implementation based on NSGA-II with Pareto ranking selection.
Approach
The decomposition-based assembly synthesis method simultaneously identifies the optimal components set and joint attributes considering the stiffness of the assembled structure. It consists of the following two major steps:
͑1͒ A 3D finite element model is transformed to a structural topology graph representing the liaisons between basic members, the smallest decomposable components of the given structure, specified by the designer. ͑2͒ The product topology graph is automatically decomposed, through an optimization process, to a set of subgraphs representing components connected together by edges representing joints.
Detailed procedure covered throughout this section uses a simple structural model composed of a plate with reinforcing beam frame shown in Fig. 1 . This type of structure is widely used in automotive and aerospace industries.
Overview
Step 1: Construction of Structural Topology Graph. An entire structure is divided into substructures, each of which can be manufactured by a single process ͑Figs. 2͑b͒ and 2͑c͒͒. This prevents the synthesis of the components that cannot be manufactured with a single process. Then, basic members are defined in each substructure ͑Figs. 2͑d͒ and 2͑e͒͒ by the designer. In this example, four basic members ͑B0-B3͒ are defined in the beam substructure and six basic members ͑P0-P5͒ are defined in the plate substructure. Since components are represented as a group of basic members, the definition of basic member determines the diversity and resolution of the resulting components.
Then, structural topology graph Gϭ(V,E) is constructed such that ͑1͒ a basic member m i is represented as a node n i in set V; ͑2͒ the connections ͑liaisons͒ between two basic members m i and m j are represented as edge eϭ͕n i ,n j ͖ in set E.
As illustrated in Fig. 3 , structural topology graph G B ͑Fig. 3͑b͒͒ of the beam substructure with four nodes (n B0 -n B3 ) and four edges (e B0 -e B3 ) is constructed based on the basic members of Fig. 3͑a͒ . Similarly, structural topology graph G P ͑Fig. 3͑d͒͒ of the plate substructure with six nodes (n P0 -n P5 ) and seven edges (e P0 -e P6 ) is constructed from the basic members in Fig. 3͑c͒ . Joints can occur at each connection between basic members. Hence, joint designs ͑JD͒, attributes of joints, are assigned to every edge in G B and G P ͑tables in Figs. 3͑b͒ and 3͑d͒͒. In addition, the entire structural topology graph G E is defined to represent the joints between substructures. In Fig. 4 , joint designs between the beam and plate components ͑Fig. 4͑c͒͒ are assigned to 10 edges between the beam and plate basic members (e BP0 -e BP9 ) shown as thick edges in Fig. 4͑b͒ .
Step 2: Decomposition of Structural Topology Graph. Components set and joint designs between the components can be decided by choosing which edges will be removed in the structural topology graphs and by assigning appropriate joint designs at the location of removed edges. The joint designs are simply assigned to all joints between substructures ͑edges of entire structural topology graph G E ) since they must be always present. In Fig. 5͑a͒ , edge e B1 and e B3 are chosen to be removed ͑shown in dotted lines͒ and the original G B is decomposed into two subgraphs corresponding to the two beam components in Fig. 5͑b͒ . Note that only joint design J eB1 and J eB3 are realized in Fig. 5͑b͒ because edge e B1 and e B3 are removed and therefore joints are needed to connect components. The other joint designs (J eB0 and J eB1 ) colored in gray in the table indicate that they are not realized. Similarly, by removing four edges (e P0 , e P2 , e P3 , and e P4 ) Fig. 2 "a… Overall structure, "b… beam substructure, and "c… plate substructure separated from "a…, "d… four basic members "B0-B3… defined in "b…, and "e… six basic members "P0-P5… defined in "c… Fig. 3 Constructing structural topology graph for each substructure. "a… Basic members of beam substructure, "b… structural topology graph G B of "a…, "c… basic members of plate substructure, and "d… topology graph G P of "c…. In "b… and "d…, JD* represents the joint design at each potential joint position defined for each edge.
Fig. 4 "a…
Beam and plate basic members, "b… entire structural topology graph G E , and "c… joint designs between beam and plate basic members †thick edges in "b… ‡ G P is decomposed into three subgraphs corresponding to the three plate components in Fig. 5͑d͒ with four joint designs (J eP0 , J eP2 , J eP3 , and J eP4 ) realized.
The quality of the component set and JDs are evaluated according to the following three objectives within an optimization loop:
͑1͒ Stiffness of the assembled structure under given loading conditions: it is evaluated as a displacement at a specific location of the assembled structure, calculated by FE analyses. To automatically generate FE models with joints during optimization, the default FE model that contains models for basic members ͑for example, Figs. 3͑a͒ and 3͑c͒͒ is built. Then, by checking the modified structural topology graphs, basic members are connected using rigid FE elements ͑if the corresponding edge is present͒ or joint FE models ͑if the corresponding edge is removed͒ of the specified joint designs. In the following case studies, every joining is assumed to be done with spot welds, and entire joint portion is modeled as a set of torsional springs in FE analysis. ͑2͒ Manufacturability of components: it is evaluated considering the total cost of producing components in the structure represented by decomposed product topology graphs G B and G P . The proposed method of selecting components can directly provide designers with geometry of each component. Therefore this method is ͑1͒ mostly applicable in the situations where cost of manufacturing given components is closely correlated with geometry of components and ͑2͒ providing method of checking if components are feasible for given manufacturing process. For example, extrusion process cannot produce loop-shape components. Because a loop-shape component is usually represented by a cyclic graph in the decomposed product topology graphs, designers can easily check topology graphs and avoid those infeasible components by applying high penalty cost to those components. In the following case studies, it is assumed that components are made from sheet metal working, whose cost is estimated as the cost of stamping/ blanking dies. In practice, die cost is usually represented as a function of die usable area Au. For each component, Au is approximated as the area of its convex hull. A larger component results in a higher value of Au, requiring larger die set with higher cost. ͑3͒ Assembleability of components: it is calculated considering the cost of assembly procedure. Cost of assembly procedures can be calculated from ͑1͒ the geometric information of components defined by the decomposed product topology graphs and/or ͑2͒ joint attributes used to join components. Since the cost of spot welding, which was used as a method of joining components in the following case studies, is proportional to the number of weld spots in the structure, and the number of weld spots in a joint is approximately proportional to the torsional stiffness of the joint, the welding cost is estimated by the sum of the rates of torsional springs ͑Nm/rad͒ in the FE model of the assembled structure.
Mathematical Formulation
Definition of Design Variables. A set of components and joint designs between the components can be defined by selecting edges to be removed in the two topology graphs (G B and G P ) and by assigning joint designs at the location of removed edges. There are five design variables. ͑1͒ x B , decomposition vector for G B ; ͑2͒ x P , decomposition vector for G P ; Fig. 5 Sample decomposition of structural topology graph of "a… beam substructure and "b… corresponding components set with joint designs, of "c… plate substructure and "d… corresponding components set with joint designs, "e… assignment of joint properties between beam and plate components, and "f… resulting component set ͑3͒ y B , joint design vector for joints between beam components; ͑4͒ y P , joint design vector for joints between plate components; ͑5͒ y BP , joint design vector for joints between beam and plate components.
Decomposition vector for G B , x B represents the nonexistence of a joint ͑i.e., the existence of a solid connection͒ at each connection of two basic members ͑an edge in the structural topology graph͒ in a structure represented by G B ,
where nBϭ͉E B ͉ and
Decomposition vector for G P , x P is similarly defined, by replacing the subscript B with P.
Joint design vectors y B represents the joint designs between beam two components:
Elements of vector y B are in turn defined as vector y Bi ϭ(y Bi0 ,y Bi1 , . . . ,y Bi j , . . . ,y BinϪ1 )F B , which represents J eBi ͑joint design corresponding to ith edge e Bi in G B ) from the feasible beam joint design set F B . Since joints are modeled as torsional springs, joint design y Bi represents a vector of the torsional springs rates ͑Nm/rad͒. For 3D, a joint requires three design variables ͑rotations around spring x, y, and z-axes͒ and y Bi ϭ(y Bi0 ,y Bi1 ,y Bi2 )ϭ(k ix ,k iy ,k iz ). However, joint attribute y Bi is considered only when ith edge e Bi is removed in G B . Joint design vector y P for plate components is similarly defined, by replacing the subscript B with P.
Element of vector y BP is also defined similarly, by replacing subscript B with BP. However, unlike the previous y Bi and y Pi , every joint attribute J eBPi is considered and realized in the FE model. The reason is because it is assumed that there always exist a joint between beam component and plate components ͑in other words, beam and plate cannot form one component together͒.
After optimization, designers will have the optimized joint attributes for each joint. To realize a joint with these attributes, designers can use a data base of existing joints with attributes and select a real joint design from this data base that has most close attributes to those of the optimized result.
Definition of Objective Functions.
A multicomponent structure represented by two decomposition vectors x B and x P and three joint design vectors y B , y P , and y BP is evaluated according to the following three objectives: ͑1͒ stiffness of the assembled structure under given loading conditions, ͑2͒ manufacturability of components, and ͑3͒ assembleability of components.
The first objective function, f stiffness , evaluates stiffness ͑to be maximized͒ of the assembled structure. Stiffness of the structure can be measured as the negative of the displacement at predefined points in the structure:
where DISPLACEMENTS͑ ͒ is a function that returns the total displacements at predefined points of the FE model defined by the decomposed G B (x B ), G P (x P ), and three joint design vectors y B , y P , and y BP . The second objective function, f manufac , evaluates manufacturability ͑to be maximized͒ of the set of components considering the total cost of producing components in the structure represented by the decomposed G B (x B ) and G P (x P ). As stated before, components are assumed to be made from sheet metals working, whose cost is estimated as the cost of stamping and blanking dies. The following equation is used to calculate manufacturability of a structure: (5) where COMP B (i,G B (x B )) and COMP P ( j,G P (x P )) return the ith component of beam structure defined by the decomposed G B (x B ) and the jth component of plate structure defined by the decomposed G P (x P ), respectively. Au(C) is a function that returns the die useable area of a component C. DIECOST B (A) and DIECOST P (A) are the functions that calculate the die cost with given die useable area A for beam component and plated component, respectively. Finally, nBC and nPC are the numbers of the beam and plate components in the decomposed beam and plate substructures, respectively. Hence, f manufac is considered as the negative sum of die cost for all components defined by two decomposition vector x B and x P .
The third objective function, f assemble , calculates assembleability ͑to be maximized͒ of the components. In this paper, assembleability is evaluated considering cost of assembly procedure, which is assumed to be spot welding. Since the cost of spot welding for a structure is proportional to the number of weld spots in the structure, and the number of weld spots in a joint is ap- proximately proportional to the torsional stiffness of the joint, the welding cost is estimated by the sum of the rates of torsional springs ͑Nm/rad͒ in the FE model of the structure:
In the above equation, SPRINGRATE is the sum of the spring rates in FE model defined by the decomposed G B (x B ), G P (x P ), and three joint design vectors y B , y P , and y BP .
Formulation of Optimization Problem.
The design variables and the objective functions defined in the previous sections provide the following multiobjective optimization problem:
Note that there is no explicit constraint in this problem.
Optimization Algorithm.
Due to the complexity of the underlying graph partitioning problem ͓29͔ and the multiobjective formulation without predefined weight or bounds on the objective functions, the above optimization problem is solved using a modified Non-Dominated Sorting Genetic Algorithm II ͑NSGA-II͒ ͓24͔. This algorithm uses the nondominated sorting method for Pareto ranking procedure, which successfully applied in our previous study ͓30͔. Fig. 7 ''Graph-based'' crossover operation by plane A. "a… Parent structures P1 cut into S1ÕS2, "b… another parent structure P2 cut into S3ÕS4, "c… child C1 made of S1ÕS4, and "d… child C2 made of S3ÕS2. A chromosome c ͑an internal representation of design variables for GA͒ is simply a list of the five design variables:
Since information in the decomposition vectors (x B and x P ) and joint design vectors (y B , y P , and y BP ) are linked in a nonlinear fashion, the conventional one point or multiple point crossover for linear chromosomes ͓26͔ does not effectively preserve highquality partial solutions ͑building blocks͒. For this type of problem, graph-based crossover has been successfully applied for improved performance of GA ͓6,7,30͔, which is modified to fit the current problem as described below: ͑1͒ Find the joint points which represent the physical locations of joints in two parent structures P1 and P2 ͑Fig. 6͒. ͑2͒ Create an arbitrary plane A that ''cut'' the set of joint points of P1 into S1 and S2, and the set of joint points of P2 into S3 and S4 ͑Figs. 7͑a͒ and 7͑b͒͒. ͑3͒ Construct two child structures C1 and C2 by ''swapping'' S2 and S4 ͑Figs. 7͑c͒ and 7͑d͒͒ based on the decomposition and joint design of the parents.
In addition to the above custom crossover, the implementation of NSGA-II used in this paper utilizes linear fitness scaling, niching based on the distances in objective function space, and stochastic universal sampling. Figure 8 shows the flowchart of the optimization. Software implementation, including NSGA-II code, is done in the Cϩϩ programming language. LEDA library was used for graph algorithm and commercial FEM software, MSC NASTRAN is used to obtain f stiffness . 
Case Studies
Two case studies are discussed in this section. In the first case study, the side frame of a FE model of a four door passenger vehicle BIW ͑Fig. 9 and Table 1͒ is decomposed for the minimum distortion of front door geometry under global bending. In the second case study, the side frame and floor panels of the same FE model are simultaneously decomposed for the minimum floor deflection under global bending. The FE model is composed of beam and plate elements. Table 2 lists the parameters values for GA used in the case studies. These parameters were selected considering the convergence trend of the number of individuals in the Pareto front.
In both case studies, the following assumptions are made: ͑1͒ Body is subject to a global bending due to the weight of the vehicle ͑Fig. 10͒. ͑2͒ Components are symmetric in the left and right sides of the body. ͑3͒ Components are joined with joints with spot welds. Each joint is modeled as three torsional springs whose axes of rotations are parallel to the three axes in the global Cartesian coordinate system where x, y, and z directions are aligned along the length, width, and height of the car model. Figure 11͑a͒ shows the side frame portion of the BIW model to be decomposed, which consists of beam elements. Using the symmetry, 21 basic members ͑Fig. 11͑b͒͒ were selected from one side frame. Figure 11͑c͒ shows corresponding entire structural graph GE with 21 nodes and 24 edges, which is identical GB since there are only beam elements.
Under any loading conditions, the front door frame should retain its original shape with minimal distortion to guarantee the normal door opening and closing. In this case study, the stiffness function estimates the distortion of the deformed front door frame. Original ͑Fig. 12͑a͒͒ and deformed front door frame profile ͑Fig. 12͑b͒͒ are placed on each other for the hinge points ͑H0 and H1 in Fig. 12͑c͒ to keep minimum distances ͑Fig. 12͑c͒͒. Distortion of the deformed front door frame is calculated by measuring the distances between prespecified points in the original front door frame profile and corresponding points in the deformed front door frame profile. Based on this consideration, DISPLACEMENTS function that determines f stiffness in Eq. ͑6͒ is defined as
where Ai and Bi (iϭ0, . . . ,3) are location of a point in the front door frame before and after deformation, respectively. Figure 13 shows GUI of the developed software for case study I showing the Pareto solutions at the terminal generation ͑100͒. Because there are three objective functions f stiffness , f manufac , and f assemble , the resulting three-dimensional function space is projected on to three two-dimensional spaces as shown in Figs.  14͑a͒-14͑c͒ . Each 2D plot shows points for all 300 structural designs with respect to the chosen two objectives only, ignoring the values of the remaining one objective. In all plots, the utopia points are located at the upper right corner. The following observations are made on these Pareto graphs:
Observation 1: In f stiffness Ϫ f manufac space ͑Fig. 14͑a͒͒, optimized designs are concentrated on the right upper corner.
Possible explanation: Lower stiffness ͑with more deflection͒ designs are usually composed of large number of small-sized components, which tends to show higher manufacturability.
Observation 2: In f stiffness Ϫ f assemble space ͑Fig. 14͑b͒͒, optimized designs are not distributed on the upper-left corner.
Possible explanation: Lower stiffness ͑with more deflection͒ designs are usually composed of large number of components which requires large number of joints. As number of joints increases, total assembly cost also increases. Transactions of the ASME Observation 3: In f manufac Ϫ f assemble space ͑Fig. 14͑c͒͒, optimized designs with high manufacturing cost ͑low value of f manufac ) shows high value of f assemble .
Possible explanation: Designs with high manufacturing cost tends to have small number of big-sized component, which requires small number of joints. Therefore, the cost of assembly is relatively low.
Four representative designs ͑R1-R4͒ are selected from the Pareto front and each design is illustrated in Figs. 15-18 . Table 3 shows their objective function values and the following observations are made on these designs.
Design R1 ͑Fig. 15͒ shows the best design considering only f stiffness with four components that preserves the front door frame "d… G P , "e… joint designs "selected from seven joints… in beam substructure, "f… joint designs in plate substructure: not available "no joints…, and "g… joint designs "selected from 29 joints… between beam and plate substructures Fig. 29 Design R2 "best f manufac …. "a… Eight components in beam substructure, "b… G B , "c… two components in plate structure, "d… G P , "e… three joint designs "selected from 10 joints… in beam substructure, "f… three joint designs "selected from four joints… in plate substructure, "g… three joint designs "selected from 29 joints… between beam and plate structures.
shape most close to the original front door frame shape by having no joints between the B-Pillar and the connecting positions of Roof Rail and Rocker Rail. Rear door frames includes three joints with small value of torsional spring rates allowing the rear door frame to absorb most distortion and leave the front door frame relatively undistorted.
Design R2 ͑Fig. 16͒ shows the best design considering only f manufac . This six component design shows the best manufacturability by having all components in linear shape which minimizes the die usable area.
Design R3 ͑Fig. 17͒ shows the best design considering only f assemble . It is composed of only one component, which eliminated Fig. 30 Design R3 "best f assemble …. "a… Four components in beam substructure, "b… G B , "c… one component in plate substructure, "d… G P , "e… three joint designs "selected from six joints… in beam substructure, "f… joint designs in plate substructure: not available "no joints…, "g… three joint designs "selected from 29 joints… between beam and plate structures. Fig. 31 Design R4. "a… Seven components in beam substructure, "b… G B , "c… three components in plate substructure, "d… G P , "e… three joint designs "selected from nine joints… in beam substructure, "f… three joint designs "selected from 11 joints… in plate substructure, and "g… three joint designs "selected from 29 joints… between beam and plate structures.
the joint in the structure, resulting minimum cost of assembly. Note this design is not best for f stiffness , since this total rigid design without a compliant rear door frame causes more distortion in the front door frame than R1.
Design R4 ͑Fig. 18͒ shows the design considering all three objectives. Similar to R1, this five component design preserves the front door frame shape relatively undistorted by having no joints between the B-Pillar and Roof Rail/Rocker Rail. Also, all five components are relatively in linear shape to minimize the die usable area, which decide the total cost of manufacturing. As the Spider diagram in Fig. 19 indicates, it is the most balanced design in all three objectives. Figure 20 shows the side frames, floor frames and floor panel in the BIW model, composed of beam elements ͑CBEAM͒ and plate elements ͑CQUAD4 and CTRIA3͒. The half structure ͑Fig. 21͑a͒͒ is divided into beam ͑Fig. 21͑b͒͒ and plate ͑Fig. 21͑c͒͒ substructures. Total of 37 basic members and 28 basic members are defined on beam and plate substructures, as in Fig. 22 and Fig. 23 , respectively, with corresponding structural topology graphs G B and G P . Graph G B is made of 37 nodes and 46 edges and G P is made of 28 nodes and 45 edges. The entire structural graph G E is illustrated in Fig. 24 . It contains a total of 65 nodes and 120 edges, where 29 edges ͑edge 91-edge 119͒ are used to connect between beam and plate basic members.
Case Study II: SideÕFloor Frame and Floor Panel
In this case study, the maximum downward deflection of the four points on the floor panel in Fig. 25 is used in DISPLACE-MENTS function:
where deflection(Ai) is the downward deflection at point Ai. Figure 26 illustrates GUI of the developed software and the objective function values obtained at the terminal generation ͑ϭ100͒ are illustrated in Fig. 27 . As in case study I, each 2D plot shows the points in the 3D Pareto front with respect to the chosen two objectives only, ignoring the values of the remaining one objective. In all plots, the utopia points are located at the upper right corner. The following observation is made on these Pareto graphs:
Observation 1: In f manufac Ϫ f assemble space ͑Fig. 27͑c͒͒, optimized designs with high manufacturing cost ͑low value of f manufac ) shows high value of f assemble .
Possible explanation: Designs with high manufacturing costs tend to have small numbers of big-sized components, which requires a small number of joints. Therefore, the cost of assembly is relatively low.
Four representative designs ͑R1-R4͒ are selected from the Pareto front and each design is illustrated in Figs. 28 -31 . Table 4 shows their objective function values and the following observations are made on these designs.
Design R1 ͑Fig. 28͒ shows the best design considering only f stiffness with a big size floor frame component ͑CB2͒ and one piece panel component ͑CP1͒, which helped increase entire structural rigidity. However, by having one piece floor panel component sacrificed total manufacturability compared with the other three designs as shown in Fig. 32 .
Design R2 ͑Fig. 29͒ shows the best design considering only f manufac . It contains eight beam components whose shapes are relatively linear which minimizes the die usable area for each component. However, by having more number of joints in the beam structure, this design shows the worst floor deflection compared with the other three designs.
Design R3 ͑Fig. 30͒ shows the best design considering only f assemble . It contains one piece floor panel component which minimizes the use of joints in the floor panel and also minimizes the assembly cost. In the beam structure, it contains a relatively small number of components ͑four͒ and joints ͑Figs. 30͑e͒-30͑g͒͒ have smaller torsional spring rates. Smaller torsional spring rates indicate smaller number of spot welds, which also reduces the assembly cost. As in R1, by having one piece floor panel component, total manufacturability of structure was sacrificed compared with the other three designs.
Design R4 ͑Fig. 31͒ shows the design considering all three objectives. This design achieves relatively small floor panel deflection by component CB6 ͑Fig. 31͑a͒͒ containing one of the loading points. Having the loading point isolated in a small component seems to localize the effect of loading, resulting in small value of deflection. All seven beam components are in linear shape, which minimized the manufacturability. The Spider diagram in Fig. 19 indicates that design R4 is balanced in all three objectives compared with the other three designs.
Summary and Future Work
This paper described a method for synthesizing multicomponent structural assemblies, where the three-dimensional finite element model of a vehicle body-in-white ͑BIW͒ is optimally decomposed into a set of components considering the stiffness of the assembled structure under given loading conditions, as well as the manufacturability and assembleability of components. Multiobjective genetic algorithm combined with graph-based crossover and FEM analyses was used to obtain Pareto optimal solutions for the three objectives. Two case studies on 3D BIW model were presented to demonstrate the effectiveness of the proposed method. In the first case study, where side frame of BIW is decomposed for the minimum distortion of front door frame geometry under global bending, original front door frame shape could be preserved with little distortion by having no joints between the B-Pillar and the connecting positions of Roof Rail and Rocker Rail. In the second case study, where side/floor frame and floor panels are decomposed for the minimum floor deflections under global bending, designs with less number of joints in the floor panel showed less deflection in the floor panel. Also, designs with simpler com- ponents shapes showed lower total manufacturing costs and designs with less number of joints showed lower total assembly costs. For the future work of this research, other methods of manufacturing and assembly cost estimation will be implemented besides sheet metal working and spot welding procedures used in this paper. Also, the current method can only suggest the structural properties of joints between components. Methods of correlating suggested joint properties with real joint design will be also considered.
